We report the observation of electromagnetically induced transparency in a sample of cryogenically cooled ground-state atomic ytterbium ͑ 1 S 0 ͒. The transparency is produced due to coherence between the optical field and the nuclear spin state of the 173 Yb nucleus. Because the nuclear spin states interact very weakly with their environment, they are resistant to decoherence due to inelastic collisions and inhomogenous fields. Consequently, atomic ensembles of pure nuclear spin states may be a superior medium for a variety of nonlinear optics and quantum information experiments. © 2010 Optical Society of America OCIS codes: 270.1670, 020.1670, 020.2070 Atomic ensembles have found use in a variety of quantum information experiments: quantum memory [1-3], quantum repeaters [4] , and deterministic single-photon generation [5, 6] . These experiments rely on coherence between the optical field and atomic hyperfine states. Unfortunately, hyperfine states involve electron spin, and electronic angular momentum is highly susceptible to decoherence from inelastic collisions and inhomogenous magnetic fields. On the other hand, it has been long known from nuclear magnetic resonance experiments that long coherence times can be obtained with pure nuclear spin states [7] , but standard nuclear magnetic resonance techniques cannot provide the strong coupling between the electromagnetic field and the nuclear spin necessary for current atomic-ensemble quantum information algorithms. Here, we show that standard electromagnetically-inducedtransparency (EIT) techniques can be employed with atoms with a J = 0 ground state, creating coherence between the optical field and pure nuclear spin states.
Atomic ensembles have found use in a variety of quantum information experiments: quantum memory [1] [2] [3] , quantum repeaters [4] , and deterministic single-photon generation [5, 6] . These experiments rely on coherence between the optical field and atomic hyperfine states. Unfortunately, hyperfine states involve electron spin, and electronic angular momentum is highly susceptible to decoherence from inelastic collisions and inhomogenous magnetic fields. On the other hand, it has been long known from nuclear magnetic resonance experiments that long coherence times can be obtained with pure nuclear spin states [7] , but standard nuclear magnetic resonance techniques cannot provide the strong coupling between the electromagnetic field and the nuclear spin necessary for current atomic-ensemble quantum information algorithms. Here, we show that standard electromagnetically-inducedtransparency (EIT) techniques can be employed with atoms with a J = 0 ground state, creating coherence between the optical field and pure nuclear spin states.
We employ a gas-phase ensemble of atoms with nonzero nuclear spin ͑I 0͒ and a J = 0 ground state. In the ground state, there is no coupling between the nuclear spin state m I and the electron angular momentum. To prepare the nuclear spin state, we optically pump the atoms through a J = 1 excited state, in which there is hyperfine coupling between the electron and the nuclear spin. This direct optical pumping of nuclear spin states has been previously demonstrated with J = 0 atoms [8] [9] [10] . Once the atoms are prepared in a pure state via optical pumping, atomic-ensemble quantum algorithms can be implemented in nuclear spin with the same EIT techniques previously used with electron spin [3] [4] [5] [6] .
In all these algorithms, the key experimental requirement for high fidelity is high optical density ͑ODӷ 1͒. By using J = 0 atoms, we can obtain the high atomic density necessary for high OD without significant collisional decoherence. Additionally, because EIT and ensemble-based quantum information algorithms do not involve significant excited-state population, the stability against collisional decoherence should exist not only while information is stored but also during coupling to the electromagnetic field. Finally, we note that ground-state J = 0 atoms are less susceptible to decoherence from magnetic field gradients than J 0 atoms because of their smaller magnetic moments.
In this work, we chose to work with 173 Yb ͑I =5/2͒ because of ytterbium's convenient diode-laseraccessible transition at 399 nm. To avoid offresonance absorption of light by the other isotopes, we cryogenically cool our atoms to reduce Doppler broadening.
Our experimental apparatus is described at a greater length in [11] . Briefly, we use laser ablation to liberate ytterbium atoms from a 99.9% pure solid ytterbium plate and a cryogenic helium buffer gas to cool them through elastic collisions. Cryogenic buffergas cooling had previously been shown to be a favorable environment for creating a coherent optical medium by Hong et al. [12] . With a single laser pulse (ϳ5 ns, ϳ100 mJ) we generate N ϳ 3 ϫ 10 13 cold 173 Yb ground-state atoms at a peak density of 1 ϫ 10 10 cm −3 and OD ϳ80. Once created, the cold ytterbium atoms diffuse through the helium buffer gas until they reach the cell walls, where they adsorb. The diffusion lifetime depends on the helium density; the longest lifetime observed was 1.3 s. By repeating the measurements at helium densities from 2 ϫ 10 16 to 1 ϫ 10 17 cm −3 , we extract a thermally averaged 173 Yb-He diffusion cross section of d = ͑1.1± 0.4͒ ϫ 10 −14 cm 2 . We use a weak (microwatt) laser beam to probe atoms by absorption spectroscopy; a typical spectrum of buffer-gas cooled Yb is shown in Fig. 1 . We fit the spectrum to a multipeak Voigt profile to find Gaussian and Lorentzian linewidths. The Gaussian linewidth is observed to be independent of the cell pressure over a helium density range from 3 ϫ 10 16 to 3 ϫ 10 17 cm −3 . From the Gaussian width we measure a Doppler temperature of 6 K, which is consistent with the cell body temperature. The Lorentzian FWHM linewidth increases linearly with helium pressure over the same range, with a pressure broadening co-efficient of ͑1.7± 0.2͒ ϫ 10 −19 GHz/ cm −3 . We note that the pressure broadening of the Yb spectrum has been previously measured at high temperature [14] .
To investigate spin decoherence due to inelastic collisions and stray magnetic fields, we use polarization absorption spectroscopy to measure the spin relaxation time ͑T 1 ͒ and the spin decoherence time ͑T 2 ͒.
For T 1 measurements, we polarize atoms by optical pumping with a strong + beam propagating parallel to the magnetic field. A weak (microwatt), linearly polarized probe beam propagates along the same axis. The probe beam is detected by two photodiodes that monitor the absorption of the + and − polarization components.
At 6 K and thermal equilibrium, the ground states of 173 Yb atoms are nearly degenerate and equally populated. A brief + pump pulse is applied to polarize the atoms. The induced polarization is observed to exist until the atoms are lost to diffusion. From these measurements, taken at helium densities up to 2 ϫ 10 17 cm −3 , we determine an upper limit on the 173 Yb-He spin depolarization rate coefficient k T 1 Ͻ 8 ϫ 10 −18 cm 3 s −1 and an inelastic collisional cross section T 1 Ͻ 5 ϫ 10 −22 cm 2 . Although this upper limit on Yb-He spin relaxation is similar to measurements of alkali-helium spin relaxation [15] , we expect the actual inelastic collision rate coefficient is many orders of magnitude lower. In room temperature measurements of 1 S 0 199 Hg atoms, k Ͻ 10 −21 cm 3 s −1 [16] . In T 2 measurements, the pumping and probe beams propagate perpendicularly to the magnetic field so that the pump beam creates a superposition of m I energy eigenstates. Once atoms are pumped into this superposition state, they start to precess.
Consequently, the absorption of the the + and − probe beams oscillate on an exponential decaying diffusion background. We analyze the oscillating signals by subtracting one from the other and normalize them by their summation. In this way, we can take out the diffusion background. The results are plotted in Fig. 2 . The oscillation signal is fitted to
where A is the amplitude, is the phase, and L is the Larmor frequency [17] .
From the fitting results, we obtain spin decoherence times greater than 300 ms over a helium density range from 8 ϫ 10 16 to 2 ϫ 10 17 cm −3 . We note that this T 2 time for the nuclear spin of ytterbium is significantly longer than what has been previously measured for optically trapped 171 Yb [10] , but is still much shorter than has been achieved with the J =0 ground state of atomic mercury in a vapor cell [16] .
The T 2 time does not decrease with the increase of He and Yb density over the range examined, indicating that collisions do not play a role in our spin decoherence. We find an upper limit on the 173 Yb-He collisional decoherence rate coefficient of k T 2 Ͻ 1 ϫ 10 −17 cm 3 s −1
and a cross section T 2 Ͻ 6 ϫ 10 −22 cm 2 . The decoherence is likely due to inhomogeneous magnetic fields: our cell has no magnetic shielding, only three-axis Helmholtz coils to control the field. With improved shielding, the T 2 time will be limited by the atom diffusion lifetime, which is of the order of 1 s. We note that this lifetime compares very favorably with other high-OD systems used for quantum memory, which typically have coherence times in the few millisecond range [2, 3, 18] .
To create and measure coherence between light and nuclear spin we use EIT [19] . + and − beams, as described in the text. Time is relative to the ablation pulse. The atoms are pumped with a 10 ms + polarized. pump pulse 1.1 s after laser ablation. The accompanying noise is caused by a mechanical shutter. The data was taken at a helium density n =2ϫ 10 17 cm −3 . By fitting the oscillation to Eq. (1), we deduce a T 2 time of ͑350± 50͒ ms and a Larmor frequency L /2 =13 Hz.
Our experimental setup is similar to that of Phillips et al. [1] : we use a colinear + control beam and a − signal beam to create a dark state that is a superposition of Zeeman sublevels. The two beams are generated from the same laser and are at the same frequency; the two-photon detuning ␦ is controlled via an external magnetic field that shifts the energy of the ground-state Zeeman sublevels. (The magnetic field also shifts the single-photon detuning of the excited state, but by an amount that is small compared with the excited-state linewidth.) The absorption of the probe beam as a function of ␦ is shown in Fig. 3. (We define OD 0 as the OD in absence of EIT.) We fit the EIT profile to the expected functional form for a Doppler-broadened gas; in the limit that the EIT linewidth is much smaller than the Doppler broadening, this can be approximated as a Lorentzian [20] . Fitting the measured width and depth of the EIT profile over a range of beam intensities implies an atomfield decoherence time տ25 ms [20, 21] .
The obtained dip FWHM can be as narrow as a 100 Hz while maintaining good transparency ͑OD ϳ 0.2 OD 0 ͒. The imperfect transparency is partially due to off-resonance absorption by other isotopes. In Fig. 3 , the other isotopes contribute an absorption of 0.1 OD 0 due to pressure and Doppler broadening. From the natural linewidth alone (31 MHz [22] ), there would be an absorption of 0.03 OD 0 from other isotopes. Fortunately, this problem can be greatly reduced by using an isotopically enriched Yb target.
In conclusion, we have demonstrated the ability to create a cryogenically cooled cell of atomic Yb with high optical density and long coherence times and have demonstrated coherent coupling between light and nuclear spin using electromagnetically induced transparency (EIT). 
